[ClinicalTrials.gov](http://ClinicalTrials.gov) identifiers: NCT02391259 (phase Ia) and NCT00774943 (phase Ib).

Systemic lupus erythematosus (SLE) is an autoimmune disease of unknown etiology that has wide‐ranging clinical manifestations and is marked by autoreactivity to nuclear self antigens [1](#art39248-bib-0001){ref-type="ref"}, [2](#art39248-bib-0002){ref-type="ref"}. Interferons (IFNs) are thought to play a pathogenic role in autoimmunity, and in SLE in particular, supported, in part, by the finding of a peripheral blood gene expression profile (IFN signature) in some individuals that is distinct from that in individuals without autoimmune disease [3](#art39248-bib-0003){ref-type="ref"}, [4](#art39248-bib-0004){ref-type="ref"}, [5](#art39248-bib-0005){ref-type="ref"}. In addition, serum levels of chemokines related to IFN activity have been found to be elevated in SLE patients, a finding that is associated with the extent of disease activity [6](#art39248-bib-0006){ref-type="ref"}, [7](#art39248-bib-0007){ref-type="ref"}, [8](#art39248-bib-0008){ref-type="ref"}, [9](#art39248-bib-0009){ref-type="ref"}, [10](#art39248-bib-0010){ref-type="ref"}. Specifically, CXCL10 has been shown to be a major contributor to the overall association and an independent predictor of future disease flare [6](#art39248-bib-0006){ref-type="ref"}.

While considerable attention has been focused on type I IFNs in driving the IFN‐associated gene expression profiles observed in SLE, the type I IFN and type II IFN (IFNγ) pathways overlap considerably in the immune response, making it difficult to distinguish their relative contributions in disease pathogenesis. Type I and type II IFNs signal through distinct receptors (IFNα receptor and IFNγ receptor, respectively), but their signaling pathways overlap with variable and, at times, opposing functional effects [11](#art39248-bib-0011){ref-type="ref"}, [12](#art39248-bib-0012){ref-type="ref"}, [13](#art39248-bib-0013){ref-type="ref"}. Recent investigations of synovial tissue from subjects with rheumatic diseases have identified specific gene transcripts and proteins that may be useful for distinguishing between the 2 IFN pathways [14](#art39248-bib-0014){ref-type="ref"}, [15](#art39248-bib-0015){ref-type="ref"}. Data supporting a pathogenic role for IFNγ in SLE include findings from murine models of SLE [16](#art39248-bib-0016){ref-type="ref"}, [17](#art39248-bib-0017){ref-type="ref"}, [18](#art39248-bib-0018){ref-type="ref"}, [19](#art39248-bib-0019){ref-type="ref"}, [20](#art39248-bib-0020){ref-type="ref"} and from in vitro studies of blood from SLE patients [21](#art39248-bib-0021){ref-type="ref"}, [22](#art39248-bib-0022){ref-type="ref"}. In humans, administration of IFNγ can induce SLE or a lupus‐like phenomenon such as production of autoantibodies [23](#art39248-bib-0023){ref-type="ref"}.

Administration of monoclonal antibodies against the IFNα pathway results in decreases in RNA expression from IFN‐inducible genes in whole blood from SLE patients [24](#art39248-bib-0024){ref-type="ref"}, [25](#art39248-bib-0025){ref-type="ref"}, [26](#art39248-bib-0026){ref-type="ref"}, but change in IFN‐associated serum protein levels has not been reported. In the present study, we describe the immunologic impact of the first clinical experience of IFNγ blockade in SLE patients. Single‐dose administration of AMG 811, an investigational monoclonal antibody that blocks the function of IFNγ, led to normalization of the levels of IFN‐inducible genes in the patients' peripheral blood and normalization of the serum levels of CXCL10 protein, a key chemokine associated with lupus disease activity.

PATIENTS AND METHODS {#art39248-sec-0006}
====================

Study design {#art39248-sec-0007}
------------

The present study was a multicenter, randomized, double‐blind, placebo‐controlled, single‐dose escalation study that enrolled patients with mild‐to‐moderate, stable SLE in 6 cohorts. Informed consent was obtained from all study participants. Patients in cohorts 1--5 received a single subcutaneous (SC) dose of either 2, 6, 20, 60, or 180 mg AMG 811 or placebo. Patients in cohort 6 received an intravenous (IV) dose of 60 mg AMG 811 or placebo. Criteria for enrollment included men and women ages 18--65 years with a diagnosis of SLE according to the American College of Rheumatology revised criteria for SLE [27](#art39248-bib-0027){ref-type="ref"} as updated in 1997 [28](#art39248-bib-0028){ref-type="ref"}, including a positive finding of antinuclear antibodies at screening. Patients with severe disease were excluded; severe disease was defined on the basis of the clinical judgment of the investigator or as one domain A score or two domain B scores on the British Isles Lupus Assessment Group (BILAG) clinical disease activity index [29](#art39248-bib-0029){ref-type="ref"} in any of the assessed organ systems at screening. Antimalarial agents, leflunomide, azathioprine, methotrexate, and up to 20 mg/day of prednisone (or equivalent) were permitted as concomitant therapies. Following treatment, patients in each cohort were followed up for a minimum of 84 days (in cohort 1) up to a maximum of 196 days (in cohort 5).

Serum and PAXgene blood RNA tube samples were collected from all cohorts at baseline, day 1 (predose), day 15, day 56, and end of study (EOS) after treatment. All samples were included for analysis, with the exception of 4 samples for which no PAXgene RNA tube was collected by the clinical sites (1 EOS sample from the placebo cohort, 1 EOS sample from the 6 mg AMG 811--treated cohort, and 2 day 15 samples from the 20 mg AMG 811--treated cohort). One sample at the day 15 time point (60 mg IV AMG 811) was subsequently determined to be from an unscheduled day 8 visit. As an actual day 15 sample was not available from this patient, and the expected drug exposure was not anticipated to be very different between day 8 and day 15, this sample was included with the day 15 results.

Evaluation of pharmacokinetics, immunogenicity, and total IFNγ levels {#art39248-sec-0008}
---------------------------------------------------------------------

Levels of AMG 811 in the serum were determined using a sandwich immunoassay (validated at Amgen). Study samples were added to a plate coated with a mouse anti--AMG 811 monoclonal antibody (clone no. AB 1c2.1; Amgen). After capture of AMG 811 to the immobilized antibody, unbound materials were removed by a washing step. Biotin‐conjugated rabbit anti--AMG 811 polyclonal antibody (Amgen) was added for detection of captured AMG 811. After another incubation step with streptavidin--horseradish peroxidase (HRP), a tetramethylbenzidine (TMB) peroxide substrate solution (KPL) was added to produce a colorimetric signal, which was proportional to the amount of AMG 811 bound by the capture reagent. The color development was stopped by the addition of H~2~SO~4~, and the optical density (OD) signal was measured at 450 nm, with reference to the OD value at 650 nm. The absorbance versus concentration relationship was regressed according to a 4‐parameter logistic (autoestimate) regression model with a weighting factor of 1/Y. The lower limit of quantification (LLOQ) was 15.2 ng/ml.

The presence of anti--AMG 811 antibodies was assessed using 2 assays. First, an electrochemiluminescence bridging immunoassay was used to detect binding antibodies (screening assay) and to confirm the antibodies capable of binding AMG 811 (confirmatory assay). The sensitivity of this immunoassay was 15 ng/ml. Second, a cell‐based bioassay was used to test for neutralizing activity of the binding antibodies against AMG 811. The sensitivity of the bioassay was 1 μg/ml. If a sample was positive for binding antibodies and demonstrated neutralizing activity at the same time point, the patient was defined as being positive for neutralizing antibodies.

Serum levels of total IFNγ in patients receiving AMG 811 (all dose groups) were also determined. The total IFNγ concentration in human serum was measured using a sandwich immunoassay (validated at Amgen). Specifically, study samples were incubated with 25 μg/ml of AMG 811 at 37°C to form an IFNγ--AMG 811 complex, prior to being added to a plate coated with a mouse anti‐IFNγ monoclonal antibody (Hycult Biotechnology). After capture of the IFNγ--AMG 811 complex to the immobilized antibody, unbound materials were removed by a washing step. Biotin‐conjugated rabbit anti--AMG 811 polyclonal antibody (Amgen) was added for detection of captured IFNγ--AMG 811 complex. After another incubation step with streptavidin--HRP, a TMB peroxide substrate solution (KPL) was added to produce a colorimetric signal, which was proportional to the amount of IFNγ bound by the capture reagent. The color development was stopped by the addition of H~2~SO~4~, and the OD signal was measured at 450 nm, with reference to the OD value at 650 nm. The absorbance versus concentration relationship was regressed according to a 4‐parameter logistic (autoestimate) regression model with a weighting factor of 1/Y. The LLOQ of the method was 50 pg/ml.

Stimulation of whole blood from healthy volunteers. {#art39248-sec-0009}
---------------------------------------------------

Blood from healthy volunteers (n = 4) was collected into sodium heparin tubes. The blood samples were left untreated or treated with 294 p*M* recombinant human IFNγ for 0, 24, or 48 hours, with incubation at 37°C in an atmosphere of 5% CO~2~. The blood was then added to PAXgene tubes and processed for RNA purification. The demographic characteristics of the healthy subjects were not matched to those of the SLE patients.

Gene expression analysis {#art39248-sec-0010}
------------------------

For experiments to compare gene expression between the SLE patients and healthy volunteers, peripheral blood was obtained from subjects from a different clinical study and collected directly into PAXgene tubes. Total RNA was isolated from the PAXgene whole blood tubes (catalog no. 762165; BD Biosciences) using a PAXgene RNA kit (catalog no. 762164; Qiagen) on a Qiacube Automated Sample Prep system. Samples were labeled using an Agilent Low RNA Input Linear Amplification PLUS kit (Two‐Color kit, catalog no. 5188‐5340) in accordance with the manufacturer\'s instructions. The resulting fluorescent complementary RNA was hybridized to Agilent human whole genome 4x44K (catalog no. G4112F) oligonucleotide microarrays, in accordance with the manufacturer\'s instructions.

Extracted feature intensities for each channel on each array were processed separately by subtracting the lower 0.1th percentile from all intensities and then taking the log base 2. The transformed intensities were mapped using a nonlinear function to ensure that the distributions of the intensities were comparable between arrays and channels.

Samples were processed in batches that roughly corresponded to samples from individual cohorts, but with a small number of samples repeated between batches to allow estimation and removal of batch effects. Finally, replicates of any identical sequences on the array were averaged to produce expression values, referred to as gene intensities.

In addition to the above processing, a prefiltering step was applied to remove genes from the IFNγ stimulation experiment. Reporters with low levels of expression were removed if 90% of the values fell below the limit of detection, defined as 1.96 standard deviations above the mean background level. Background was determined by a set of sequences on the array that are specifically designed to not hybridize with human sequences. Reporters with small dispersion, defined as those for which the fold change in expression between the 5th and 95th percentile was less than 1.5, were removed.

Chemokine and cytokine measurements {#art39248-sec-0011}
-----------------------------------

Human whole blood was collected in serum separator tubes (red/black marble top; Becton Dickinson) and processed at room temperature. The serum samples were frozen immediately after collection at the individual clinical sites. Serum concentrations of CXCL10, CCL2, RANTES, and interleukin‐18 (IL‐18) were determined with commercially available enzyme‐linked immunosorbent assays, according to the manufacturers' instructions (R&D Systems and Medical & Biological Laboratories). Samples were analyzed in triplicate and levels were quantified by interpolation from a standard curve, run in parallel on each microtiter plate.

Statistical analysis {#art39248-sec-0012}
--------------------

Identification of genes that were differentially regulated by ex vivo stimulation with IFNγ was performed using a fixed‐effects regression model containing factors for donor, time, treatment, and all pairwise interactions terms. The treatment effect was similar at the 2 posttreatment times (data not shown), and therefore these time points were considered as a single group to display the treatment effect. The significance threshold was determined using a false discovery rate of 5% [30](#art39248-bib-0030){ref-type="ref"} and defined as a fold change in gene expression of 1.72.

Differences in gene expression between AMG 811--treated day 15 samples and all other samples (all subject baseline and day 15 placebo) were estimated using a fixed‐effects regression model. The model contained factors for subject and an indicator of active treatment (any dose after administration). A comparison was made between the mean value in samples from actively treated day 15 subjects and all other samples, to estimate the log 2 ratio of AMG 811 treatment effect.

Separate IFNγ scores were derived based on 2 published gene sets: set A [4](#art39248-bib-0004){ref-type="ref"} (comprising 46 genes; not all 49 genes could be mapped to our array), and set B [3](#art39248-bib-0003){ref-type="ref"} (comprising 13 genes; not all 14 genes could be mapped). Both lists were based on ex vivo stimulated genes that were also found to be regulated in expression analyses of SLE peripheral blood mononuclear cells. These were compared to an IFNγ score derived from the gene set developed herein, designated gene set C (comprising 432 genes). To create scores, the gene lists were mapped to reporters on the Agilent array and the corresponding gene intensities were used in a principal components analysis. The first principal component was used as the score.

Gene dysregulation in SLE was examined in a separate study of 19 healthy subjects and 39 SLE patients. The log ratios of gene expression in SLE patients relative to healthy subjects, along with the 95% confidence intervals, were estimated using linear regression, with results expressed as the fold change.

Changes in CXCL10 levels were examined with a baseline adjusted mixed‐effects regression model of the log ratio relative to baseline levels of CXCL10, including factors for assigned dose, time since first dose, dose‐by‐time interaction, and subject as a random effect, and including a covariate for baseline log CXCL10 levels.

RESULTS {#art39248-sec-0013}
=======

Baseline characteristics and clinical findings {#art39248-sec-0014}
----------------------------------------------

Twenty‐six patients with mild, stable SLE were enrolled in this phase I, single‐dose clinical trial. There were 3 patients treated with active drug in each cohort (total of 18 patients) and 8 patients in the total placebo group. The mean age was 43.3 years in the active drug group and 44.1 years in the placebo group (Table [1](#art39248-tbl-0001){ref-type="table-wrap"}). The patients were predominantly female (92%) and white (62%). The mean scores on the Safety of Estrogens in Lupus Erythematosus National Assessment (SELENA) version of the SLE Disease Activity Index (SLEDAI) [31](#art39248-bib-0031){ref-type="ref"} were 2.3 in the placebo group and 3.8 in the AMG 811 group. In total, 50% of placebo‐treated patients and 28% of patients in the active drug group were taking corticosteroids (mean dose 10 mg/day and 13.5 mg/day, respectively).

###### 

Demographic and clinical characteristics of the study patients at baseline[a](#art39248-note-0004){ref-type="fn"}

                                 Placebo (n = 8)   AMG 811 total (n = 18)
  ------------------------------ ----------------- ------------------------
  Age, mean ± SD years           44.1 ± 13.6       43.3 ± 11.6
  Sex, no. (%) female/male       6 (75)/2 (25)     18 (100)/0
  Race or ethnicity, no. (%)                       
  White                          4 (50)            12 (67)
  Black or African American      2 (25)            2 (11)
  Hispanic or Latino             1 (13)            4 (22)
  Asian                          1 (13)            0 (0)
  BMI, mean ± SD kg/m^2^         25.2 ± 3.8        28.5 ± 5.7
  Duration of SLE, years                           
  Mean ± SD                      9.4 ± 5.2         9.1 ± 7.1
  Median (range)                 7.1 (4.0--17.8)   6.1 (0.7--22.9)
  SELENA--SLEDAI score                             
  Mean ± SD                      2.3 ± 3.1         3.8 ± 2.7
  Median (range)                 1 (0--8)          4 (0--8)
  PGA score, mean ± SD           0.69 ± 0.76       0.49 ± 0.43
  Anti‐dsDNA, no. (%)            3 (38)            6 (33)
  C3 levels below LLN, no. (%)   5 (63)            7 (39)
  C4 levels below LLN, no. (%)   3 (38)            2 (11)
  Concurrent medication                            
  Prednisone or equivalent                         
  No. (%)                        4 (50)            5 (28)
  Dosage, mg/day                                   
  Mean ± SD                      10 ± 0            13.5 ± 4.2
  Median (range)                 10 (10--10)       12.5 (10--20)
  Antimalarial drugs, no. (%)    6 (75)            18 (100)

BMI = body mass index; SLE = systemic lupus erythematosus; SELENA--SLEDAI = Safety of Estrogens in Lupus Erythematosus National Assessment version of the SLE Disease Activity Index; PGA = physician\'s global assessment of disease activity; anti‐dsDNA = anti--double‐stranded DNA; LLN = lower limit of normal.

Treatment with AMG 811 was generally well tolerated, with no deaths and no withdrawals due to adverse events (see Supplementary Tables 1 and 2, available on the *Arthritis & Rheumatology* web site at <http://onlinelibrary.wiley.com/doi/10.1002/art.39248/abstract>). There was 1 serious adverse event in the AMG 811--treated group: a patient who received 60 mg AMG 811 SC was hospitalized and treated with IV antibiotics for pyelonephritis ∼3 months posttreatment. Given the small size of the study and the low disease activity at enrollment, the study was not designed to assess clinical efficacy. No significant treatment‐related changes were noted in the disease outcome measures (BILAG global scores and SELENA--SLEDAI scores; details in Supplementary Figures 1 and 2, available on the *Arthritis & Rheumatology* web site at <http://onlinelibrary.wiley.com/doi/10.1002/art.39248/abstract>), and no significant treatment‐related changes were seen over time in the levels of C3, C4, CH50, or anti--double‐stranded DNA in response to AMG 811 treatment (data not shown).

Pharmacokinetics of AMG 811, immunogenic response, and total circulating IFNγ levels {#art39248-sec-0015}
------------------------------------------------------------------------------------

Following single SC dosing of AMG 811, exposure increased approximately dose‐proportionally between the lowest dose of 2 mg and the highest dose of 180 mg, with the median time to reach maximum concentration ranging between 4 days and 14 days (Figure [1](#art39248-fig-0001){ref-type="fig"}A). AMG 811 exhibited linear pharmacokinetics, with a mean terminal half‐life ranging from 12 days to 21 days (see Supplementary Table 3, available on the *Arthritis & Rheumatology* web site at <http://onlinelibrary.wiley.com/doi/10.1002/art.39248/abstract>). Following a single 60‐mg IV dose of AMG 811 (n = 3), the mean area under the curve was ∼3‐fold higher than that following the 60‐mg SC dose (n = 3), indicating that the bioavailability of AMG 811 was ∼30% in this small group of patients.

![AMG 811 serum concentration--time **(A)** and total interferon‐γ (IFNγ) serum concentration--time **(B)** profiles following a single subcutaneous (SC) dose (2--180 mg) or intravenous (IV) dose (60 mg) of AMG 811 in patients with systemic lupus erythematosus. Results are the mean ± SD.](ART-67-2713-g001){#art39248-fig-0001}

All patients were tested for the presence (baseline) or development (posttreatment) of anti--AMG 811 antibodies [32](#art39248-bib-0032){ref-type="ref"}, [33](#art39248-bib-0033){ref-type="ref"}. One patient, who was receiving 6 mg AMG 811 SC, was found to be positive for binding antibodies to AMG 811 during the study, but these antibodies were negative for neutralizing activity. All other patients were negative for anti--AMG 811 binding antibodies at all time points tested (data not shown).

As a first step in assessing the impact of treatment with AMG 811, an assay to detect total serum IFNγ (i.e., free or complexed to AMG 811) was developed. Immediately following administration of AMG 811, the mean total IFNγ levels were elevated in a dose‐dependent manner, and then returned to baseline levels over time (Figure [1](#art39248-fig-0001){ref-type="fig"}B), a finding that was similar to the pharmacokinetics profile. Although total IFNγ levels initially increased after AMG 811 treatment, a comparison to the concentration of AMG 811 in the serum indicates that there was a large molar excess of antibody present at all times relative to the amount of IFNγ detected in the complex (data not shown).

Contribution of type I and type II IFN genes to the IFN signature observed in SLE patients {#art39248-sec-0016}
------------------------------------------------------------------------------------------

Previous reports have demonstrated that ∼50% of all adult SLE patients have a distinct gene expression profile that contains select genes that are known to be stimulated ex vivo by IFN (the IFN signature). Two separate sets of IFN‐stimulated genes have been described (designated herein as gene set A and gene set B) [3](#art39248-bib-0003){ref-type="ref"}, [4](#art39248-bib-0004){ref-type="ref"}. Set A was identified by ex vivo stimulation with IFNα and IFNβ, and was filtered on the basis of gene expression differences that are also seen in patients with SLE. Set B was derived by ex vivo stimulation with IFNα, and this set also intersects with SLE signature genes. The overlap with our set of IFNγ signature genes is shown in Supplementary Table 4, available on the *Arthritis & Rheumatology* web site at <http://onlinelibrary.wiley.com/doi/10.1002/art.39248/abstract>.

To better characterize the potential downstream gene transcripts that can serve as pharmacodynamic markers for AMG 811, we derived an IFNγ‐associated signature and corresponding score by identifying genes in the whole blood of SLE patients that were regulated by ex vivo stimulation with IFNγ. The volcano plot [34](#art39248-bib-0034){ref-type="ref"} in Figure [2](#art39248-fig-0002){ref-type="fig"}A shows the fold change in expression of each gene (stimulated relative to unstimulated), along with the *P* value from the associated F test (analysis of variance). An IFNγ score (as described in Patients and Methods) was generated from 526 sequences, corresponding to 432 transcripts (gene set C), that met the significance criteria. While most modulated genes were up‐regulated, some of the genes showed decreased levels in response to stimulation.

![Identification of the interferon‐γ (IFNγ) signature set and comparison to published IFN signatures. **A,** Volcano plot shows the mean fold change in gene expression (IFNγ‐stimulated relative to unstimulated) in whole blood from healthy volunteers, plotted with the associated *P* values determined by analysis of variance. Circled symbols indicate the 20 genes with the largest magnitude of change in expression, exceeding a significance level of 0.001. **B,** Two IFNγ scores were derived from 2 published gene lists (score A from gene set A **\[top\]** and score B from gene set B **\[middle\]**), and these were compared to an IFNγ score based on a set of 432 genes (gene set C) that met the significance criteria for modulated gene expression in IFNγ‐stimulated blood samples from healthy volunteers. A random selection of 500 genes **(bottom)** was used as a negative control. The broken diagonal line represents a reference to indicate perfect correlation.](ART-67-2713-g002){#art39248-fig-0002}

We compared these 3 transcript sets and determined the number of transcripts resulting from the intersection of the sets. Considerable commonality was observed between the SLE‐associated gene sets. There were 10 overlapping transcripts in gene set A and gene set B, 20 in gene set A and gene set C, 6 in gene set B and gene set C, and 5 in gene set A, gene set B, and gene set C (see Supplementary Table 4).

To examine the relationship between the gene sets, the IFNγ scores from gene sets A and B were plotted against gene set C (Figure [2](#art39248-fig-0002){ref-type="fig"}B). The scores were highly correlated, suggesting that the information content in their scores was qualitatively similar. The robustness of the correlation was particularly striking given the technical differences between the various microarray studies analyzed. A score from a randomly selected set of 500 genes served as a negative control (Figure [2](#art39248-fig-0002){ref-type="fig"}B, bottom panel). Uniquely IFNα or IFNγ scores were not obviously discernible using this method.

Effect of AMG 811 treatment in modulating the IFN‐regulated gene expression profile in SLE patients toward the profile seen in healthy individuals {#art39248-sec-0017}
--------------------------------------------------------------------------------------------------------------------------------------------------

The impact of AMG 811 treatment on global gene expression in the whole blood was assessed, and changes that had occurred by day 15 after administration of any dose of AMG 811, as compared to all baseline values and as compared to samples from placebo‐treated patients (as described in Patients and Methods), were determined (as shown in the volcano plot in Figure [3](#art39248-fig-0003){ref-type="fig"}A). Notably, a number of genes that were down‐regulated after treatment with AMG 811 overlapped with the list of the top 20 genes stimulated by IFNγ ex vivo (circled areas on the plot in Figure [3](#art39248-fig-0003){ref-type="fig"}A), even though the lists were independently derived.

![Interferon‐γ (IFNγ) blockade with AMG 811 leads to normalization of the IFN‐related gene expression profile in systemic lupus erythematosus patients. **A,** Volcano plot shows the mean fold difference in gene expression posttreatment (day 15) in blood samples from AMG 811--treated patients compared to all other samples (all samples at baseline and placebo‐treated patients on day 15). Circled symbols indicate the top 20 IFNγ signature genes. **B,** Relationship between the serum AMG 811 concentration and guanylate binding protein 1 (GBP‐1) transcript expression on days 1 and 15 posttreatment. The GBP‐1 gene expression levels were standardized against the levels seen in the healthy volunteers, and values were plotted against the serum AMG 811 concentration. SD = standard deviation.](ART-67-2713-g003){#art39248-fig-0003}

The change in gene expression was generally (albeit not always) correlated with the concentration of circulating AMG 811. The most pronounced example of the magnitude of the concentration‐dependent pharmacologic effect of AMG 811 on gene expression is demonstrated in the changes to the expression of guanylate binding protein 1 (GBP‐1) over 15 days (Figure [3](#art39248-fig-0003){ref-type="fig"}B). There was no apparent correlation between the baseline IFNγ score and response to AMG 811 (data not shown). Considerable change in GBP‐1 expression was observed in some placebo‐treated patients, but the direction of change was not consistent, and the expression was, on average, not different between study days (*P* = 0.54; data not shown). In contrast, expression of the GBP‐1 gene declined from baseline to day 15 in all individuals treated with AMG 811, thus demonstrating a pharmacodynamic effect (Figure [3](#art39248-fig-0003){ref-type="fig"}B).

Although these results are a striking example of the effect of AMG 811 treatment, the extent of the effect of AMG 811 on other genes known to be regulated by IFNγ was variable. Table [2](#art39248-tbl-0002){ref-type="table-wrap"} contains a summation of the gene transcripts most impacted by IFNγ stimulation in vitro, a comparison of the expression levels of these genes between SLE patients and healthy subjects, and expression data indicating the impact of AMG 811 administration on these genes in SLE patients. To help understand the impact of AMG 811 on type I IFN--inducible genes, we examined expression of the unique set of genes from the IFNα‐ and IFNβ‐inducible sets (gene sets A and B) that did not appear in the IFNγ‐inducible set (gene set C). None of these genes were differentially regulated by day 15 after administration of AMG 811 (data not shown).

###### 

Top genes showing changes in expression after stimulation with IFNγ or at 15 days after treatment with AMG 811[a](#art39248-note-0005){ref-type="fn"}

  Probe          Symbol; product                                                              IFNγ‐stimulated, mean fold change from baseline (95% CI)   SLE patients vs. healthy subjects, mean fold difference on day 15 (95% CI)   Treatment effect    
  -------------- ---------------------------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------------------------- ------------------- ---------
  A_23_P112026   IDO1; indoleamine 2,3‐dioxygenase 1                                          11.3 (10.0, 12.8)                                          1.1 (−1.2, 1.4)                                                              −1.4 (−2.0, 1.0)    0.076
  A_23_P161428   ANKRD22; ankyrin repeat domain 22                                            10.8 (8.8, 13.2)                                           1.3 (−1.0, 1.7)                                                              −2.2 (−3.0, −1.6)   \<0.001
  A_23_P18452    CXCL9; chemokine (C‐X‐C motif) ligand 9                                      9.8 (8.4, 11.4)                                            1.3 (1.1, 1.5)                                                               −1.3 (−1.6, −1.2)   \<0.001
  A_24_P28722    RSAD2; radical S‐adenosyl methionine domain containing 2                     7.7 (5.9, 10.1)                                            5.2 (2.3, 11.5)                                                              −1.3 (−1.8, 1.1)    0.184
  A_23_P7827     FAM26F; family with sequence similarity 26, member F                         7.4 (6.9, 8.0)                                             1.2 (−1.0, 1.5)                                                              −1.6 (−1.9, −1.3)   \<0.001
  A_24_P165864   P2RY14; purinergic receptor P2Y, G protein coupled, 14                       7.3 (5.0, 10.7)                                            −1.1 (−1.5, 1.2)                                                             −1.7 (−2.4, −1.3)   0.001
  A_23_P74290    GBP5; guanylate binding protein 5                                            7.0 (5.0, 9.8)                                             1.3 (1.0, 1.7)                                                               −1.8 (−2.3, −1.5)   \<0.001
  A_24_P561165   SERPING1; serpin peptidase inhibitor, clade G, member 1                      6.4 (4.5, 8.9)                                             2.5 (1.7, 3.8)                                                               −1.7 (−2.4, −1.3)   0.001
  A_23_P63390    FCGR1B; Fc fragment of IgG, high affinity Ib receptor (CD64)                 6.3 (4.8, 8.2)                                             1.2 (−1.1, 1.6)                                                              −2.1 (−2.6, −1.6)   \<0.001
  A_23_P150457   LYVE1; lymphatic vessel endothelial hyaluronan receptor 1                    −6.0 (−7.1, −5.1)                                          −1.0 (−1.2, 1.1)                                                             −1.1 (−1.2, 1.1)    0.367
  A_24_P245379   SERPINB2; serpin peptidase inhibitor, clade B (ovalbumin), member 2          −5.9 (−7.6, −4.6)                                          1.0 (−1.2, 1.2)                                                              −1.1 (−1.3, 1.1)    0.536
  A_23_P203882   MMP19; matrix metallopeptidase 19                                            −5.8 (−7.6, −4.4)                                          1.2 (1.0, 1.4)                                                               −1.0 (−1.2, 1.1)    0.699
  A_23_P62890    GBP1; guanylate binding protein 1, interferon‐inducible, 67 kd               5.6 (4.0, 7.7)                                             1.6 (1.1, 2.2)                                                               −2.0 (−2.4, −1.6)   \<0.001
  A_32_P107372   GBP1; guanylate binding protein 1, interferon‐inducible, 67 kd               5.6 (4.1, 7.6)                                             1.6 (1.2, 2.1)                                                               −1.9 (−2.4, −1.5)   \<0.001
  A_24_P303091   CXCL10; chemokine (C‐X‐C motif) ligand 10                                    5.4 (4.1, 7.1)                                             1.3 (−1.0, 1.8)                                                              −1.6 (−2.2, −1.1)   0.008
  A_24_P316965   RSAD2; radical S‐adenosyl methionine domain containing 2                     5.4 (4.6, 6.3)                                             3.6 (2.1, 6.2)                                                               −1.2 (−1.7, 1.1)    0.235
  A_23_P42353    ETV7; ets variant 7                                                          5.2 (3.6, 7.5)                                             1.8 (1.3, 2.6)                                                               −1.8 (−2.4, −1.4)   \<0.001
  A_23_P256487   PD‐L1; programmed death ligand 1                                             5.0 (3.9, 6.4)                                             1.2 (1.1, 1.4)                                                               −1.8 (−2.3, −1.4)   \<0.001
  A_23_P121657   HS3ST1; heparan sulfate (glucosamine) 3‐[o]{.smallcaps}‐sulfotransferase 1   −4.9 (−5.4, −4.4)                                          1.0 (−1.3, 1.3)                                                              −1.0 (−1.2, 1.1)    0.892
  A_24_P12690    IDO2; indoleamine 2,3‐dioxygenase 2                                          4.8 (3.7, 6.2)                                             1.0 (−1.1, 1.2)                                                              −1.1 (−1.3, 1.0)    0.126

IFNγ = interferon‐γ; 95% CI = 95% confidence interval; SLE = systemic lupus erythematosus.

Dose‐dependent decrease in serum CXCL10 levels in response to AMG 811 treatment {#art39248-sec-0018}
-------------------------------------------------------------------------------

Aberrant levels of serum chemokines, particularly those associated with the IFN pathways, have been described and have been shown to be correlated with the extent of disease severity and future occurrence of flare [6](#art39248-bib-0006){ref-type="ref"}, [7](#art39248-bib-0007){ref-type="ref"}, [8](#art39248-bib-0008){ref-type="ref"}, [9](#art39248-bib-0009){ref-type="ref"}, [10](#art39248-bib-0010){ref-type="ref"}. Serum levels of IL‐18, CXCL10, CCL2, and RANTES were assessed in healthy volunteers and SLE patients. In confirmation of the results from previous studies, the median levels of IL‐18, CXCL10, and CCL2 were elevated in SLE patients compared to healthy volunteers (Figure [4](#art39248-fig-0004){ref-type="fig"}A). No difference in RANTES levels could be demonstrated between the 2 groups (data not shown).

![Analysis of serum proteins. **A,** Log concentrations of interleukin‐18 (IL‐18), CXCL10, and CCL2 in healthy volunteers (HV) and systemic lupus erythematosus patients. Values are presented as box plots, where the boxes represent the 25th and 75th percentiles (the interquartile range), the lines within the boxes represent the median, and the lines outside the boxes represent the most extreme data points within 1.5 times the interquartile range. Crosses represent outliers. **B,** Dose‐dependent decrease in serum levels of CXCL10 in response to AMG 811 administration. Results are the mean fold change from baseline (with 95% confidence intervals) in the concentrations of CXCL10 for each dose group of AMG 811 (2--180 mg subcutaneously or 60 mg intravenously \[IV\]) by study day (day 15 \[Dy15\], day 56 \[Dy56\], and end of study \[EOS\]), using correction for small sample size [40](#art39248-bib-0040){ref-type="ref"}.](ART-67-2713-g004){#art39248-fig-0004}

Administration of AMG 811 led to a decrease in CXCL10 protein levels by day 15, with levels returning toward baseline levels by day 56 (Figure [4](#art39248-fig-0004){ref-type="fig"}B). No significant treatment effect on IL‐18, CCL2, or RANTES levels was observed (data not shown), and the levels of the related chemokines CXCL9 and CXCL11 were not measured.

DISCUSSION {#art39248-sec-0019}
==========

The large and consistent body of evidence supporting the presence of dysregulated IFN‐related pathways in SLE makes IFNs compelling targets of therapeutic blockade. While several therapeutic antibodies aimed at inhibition of IFNα are in clinical development, we report herein our findings regarding the first experience with IFNγ blockade in SLE patients.

In this first‐in‐human study, treatment with AMG 811 was generally well tolerated. The pharmacokinetic properties of AMG 811 were consistent with those expected of a human IgG1 antibody against a soluble ligand with dose‐proportional increases in exposure (i.e., linear pharmacokinetics) and a half‐life of ∼2--3 weeks. No neutralizing antibodies against AMG 811 were detected. An assay was developed and used to measure total circulating IFNγ levels. Reported IFNγ levels in the serum are, in general, very low and often undetectable except in certain disease states [35](#art39248-bib-0035){ref-type="ref"}, [36](#art39248-bib-0036){ref-type="ref"}, [37](#art39248-bib-0037){ref-type="ref"}. Following AMG 811 treatment, which prevents IFNγ binding to the receptor, we observed an increase in circulating IFNγ in the serum, as measured in a complex with AMG 811. This increase in measured circulating total IFNγ likely reflects the formation of antibody--ligand complexes that reduce endogenous ligand clearance, as has been observed for other cytokines following antibody administration [38](#art39248-bib-0038){ref-type="ref"}, [39](#art39248-bib-0039){ref-type="ref"}. These results suggest that significant, constitutive production of IFNγ occurs in SLE patients. The dose‐dependent increase and apparent correlation with the pharmacokinetics profile serve as indicators of a sufficient reserve of IFNγ in vivo.

This study enrolled patients with mild‐to‐moderate, stable SLE by design, and therefore clinical efficacy was not formally assessed. However, the patients showed clear aberrancies in their IFN‐associated gene expression profiles in the peripheral blood and in their circulating chemokine levels at baseline. In order to follow changes in gene transcription of most relevance to the IFNγ pathway, we focused on 2 different gene lists. The larger IFN‐associated gene list was defined as the transcripts that showed the most significant regulation following stimulation of human blood with IFNγ, many of which showed differential expression between SLE patients and healthy subjects. A second, independent set of genes comprised those that showed the most significant change in vivo following AMG 811 treatment. Interestingly, the genes that showed the largest change following AMG 811 treatment were also among the most highly induced by IFNγ stimulation ex vivo (Table [2](#art39248-tbl-0002){ref-type="table-wrap"} and Figure [3](#art39248-fig-0003){ref-type="fig"}A). The gene associated with the largest magnitude of change in the blood and showing a clear concentration‐dependent response was GBP‐1, an interesting observation given the recent report identifying it as one of the key IFNγ‐specific genes in the synovial tissue of patients with certain autoimmune diseases [14](#art39248-bib-0014){ref-type="ref"}. These data demonstrate the biologic activity of AMG 811 and provide confirmatory evidence of the role that IFNγ plays as a regulator of these transcripts in SLE patients in vivo.

Several conclusions emerge from an evaluation of the observed gene expression changes. The observations herein showing that identical transcripts are induced by IFNγ ex vivo and that these transcripts are repressed by AMG 811 treatment in vivo and are elevated in SLE patients relative to healthy donors provide evidence that IFNγ pathway activation is present in SLE patients. Importantly, these results show that the IFN dysregulation in SLE patients cannot be solely attributable to IFNα but may also be driven by IFNγ as well. The lack of impact of AMG 811 treatment on some transcripts may be due to insufficient power to detect a change in this study or insufficient coverage of the target, or may reflect regulation in vivo by multiple pathways. Further analysis will be required to reconcile these findings with the observation of an elevated IFN signature in many, but not all, adult SLE patients [3](#art39248-bib-0003){ref-type="ref"}. It should also be noted that a number of genes that are up‐regulated in response to ex vivo IFNγ stimulation and demonstrate changes in response to AMG 811 treatment do not show a meaningful difference in expression between SLE patients and healthy subjects. These observations demonstrate the complexity of gene expression regulation in vivo.

Several type I IFN inhibitors have been tested in SLE patients [24](#art39248-bib-0024){ref-type="ref"}, [25](#art39248-bib-0025){ref-type="ref"}, [26](#art39248-bib-0026){ref-type="ref"}. Those studies have demonstrated that inhibition of the type I IFN pathway can lead to a significant reversion in the expression of select, dysregulated genes whose expression is regulated by type I IFNs. Since the reports published to date have only described expression of select genes as evaluated by quantitative polymerase chain reaction (qPCR) [24](#art39248-bib-0024){ref-type="ref"}, [25](#art39248-bib-0025){ref-type="ref"}, [26](#art39248-bib-0026){ref-type="ref"}, we could only perform a limited comparison to the global gene expression results following AMG 811 treatment. Comparison between the published results from qPCR analyses of 10 genes that reflect type I IFN activation and our microarray results indicates that none of those genes demonstrated significant changes in gene expression following AMG 811 treatment (data not shown). The sum of gene expression analyses to date suggest that the IFN signature is driven by both type I and type II IFNs in many SLE patients, and that blockade of both of these pathways may be necessary to get complete suppression of the overall IFN signature seen in some individuals. The global gene expression results presented herein will be useful for comparison when similar results from studies using type I IFN inhibitors are released.

A growing number of studies have started to identify specific serum proteins (chemokines) that likewise show a dysregulated expression in SLE patients. In one previous study, the chemokine score correlated with the extent of lupus disease activity and was predictive of future lupus flare [6](#art39248-bib-0006){ref-type="ref"}, [10](#art39248-bib-0010){ref-type="ref"}. In our current SLE population, we were able to confirm the findings from other study populations showing that CXCL10, CCL2, and IL‐18 serum protein levels were elevated relative to the levels in a healthy population. Administration of AMG 811 led to a dose‐dependent reduction in CXCL10 serum protein levels. To our knowledge, this has not been shown with type I IFN inhibition [24](#art39248-bib-0024){ref-type="ref"}. No significant changes in CCL2 or IL‐18 levels were detected following administration of a single dose of AMG 811. The impact of AMG 811 on serum CXCL10 is particularly intriguing, given the strong correlation between this chemokine and the level of disease activity and future occurrence of disease flare [6](#art39248-bib-0006){ref-type="ref"}, [10](#art39248-bib-0010){ref-type="ref"}.

In conclusion, the analyses of transcript and protein expression presented herein show that SLE patients demonstrate molecular profiles consistent with aberrant IFNγ pathway activation, and that treatment with AMG 811 inhibits IFNγ signaling in a dose‐dependent manner in SLE patients. Modulation of dysregulated biomarkers by AMG 811 in SLE patients, and restoration toward the levels seen in healthy subjects, supports continued investigation of the clinical consequences of IFNγ blockade. The measurement of circulating IFNγ levels and the careful assessment of the dose‐ and concentration‐dependent changes in gene expression and serum protein profiles provide potential guideposts for monitoring the degree of pathway inhibition and choosing the optimal dose that appropriately balances benefit and risk. AMG 811 will be a useful therapeutic agent for testing this hypothesis in SLE patients and in patients whose disease is primarily driven by IFNγ. GBP‐1 and CXCL10 could be considered as potential markers to identify those individuals most likely to respond to IFNγ pathway inhibition.
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